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VESTIBULAR MECHANISMS AND ViSION 

The prrrpose of this report is to summarize b M I y  the results of soma 

investigotionr carried out at the U S Now1 School of AvIatDm M e d t c h  

dealing with the vestibular and visual s y s t e m  under the tnflutnce of unusuat 

gravitational-inertial force environments (GIFE), The tnittal stimulus for 

these rerearches stemmed from the need to evaluate the role of the GIFE in 

causing disorientation In plfots, and now space flight )?as provided an added 

impetus, It was learned early that exposure to unusual force environments 

greatly affected the flyer hrouyh the W R S O ~ ~  receptors in his vestibular 

organs and through them visual mechanisms and hot, in turn, virlon and the 

visual environment also affected the responses to Stimulation of the vestibular 

organs. lhus, exposure to angular accelemtton, the physiological stimulus 

to the semicircular cumfs, resulted in apparent movement of an object which 

wos fixed in reiation to the observer. Thfs has been termed the oculogyral 

illusion, and its behavior bean o definite relation to the pattern of angular 

acceleration, Unusual patkrns evoked bizarre effects. The Coriolis phenom- 

enon may be regarded as a special fnsbnce of the ocuiogymi illusion in 

response to sfmultaneous rootation of the head about two axes which generates a 

Coriolis acceleration. Ocular nystagmus may be an associated response to 

angular and Corfolis erccelercrt!onc and, when prominent, contributes to the 

i I I usion 
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 hen a pmon tr expored to ifnear acceleration with a thongs tn dimetion 

of Otre resul?unt force relative to h h d f 8  he not only fseb ffW he is being 

tilted but he also perceives an apparent dtsplacament of abjectr In the viwal 

field which tend to accord wi th  the new direction of hc maw accelemtion, 

The vltual component has been termed he ocuiog\uvic Tllurfon which has quite 

different characteristics from q e  oculogyral or Ccriofir i l lusfo~.  An 

ctated phenomenon 1s ocular countemfling whfch Is mniferted ta a greater 

degree than when Q penon simply tiits with respect io the gravitational upright, 

Sirnultrrneous exposore to linear and angula: act elemtion alters the 

responses in a characteristic manner, suggestinc. a e l m  functionat reiatfon- 

rhfp between the two vestibular organs, Potlftional rysfc~pur, and podtlonal 

alcohol nystagmus may be dependent on this telatlorrliip. 

In canytng ouf our experiments an a!tempt w a s  mde to simulate the 

unusual force environments in he labomtory, but In the case of weightlessness 

i t  was neeertary to go aloft, it was rek tfvely easy 92 control vision and the 

visvcrl environment, and It was possible to conttol the inpub from %e sen!- 

circular canals and the otolith appamtu!, by the uae c oubjects who hod fat 

the function of the canals and, probably, also of the o'diths. Our inves- 

tigations m g h t  to exploit these vestibule-vtrwl phen~mrw I )  in testing the 

function of the wmicircdar canals and the otoltth  organ^, 2) in Lufng there 

phenomena as Indicators In the investigotfon of different psvc'"*physlo~Lqtcat 
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mechanfsmr including odclptrrtion, and 3) in attempting to 31cm how k m  

mechanfmom affected under the unuurarl force envfrormenb k whlch man 

nwy be subjected in an atrcroft or space vehicle. 

OTOLITH ORGANS AND VISION 

LTneor accelem9bn8 considered the adequate stfrnulur Po the mcutar 

end organs, can be wried to evoke changes In overt behcrvtor by reporb 

ttoning the head (actwily the otolith organs themmlves) with respect to 

gfuvity, moving it On a cfrcular path at o conshnt rote, or in a rectilfnear 

path at an accelemtfng mte, Direction of the stimulus force Is controlled 

by orlenthg the head with respect to the resulbnt grovitatlml-inertial 

force, which wr~es In magnftude as a function of ve1oci)y. ~ o m l  gmvk 

tational occelerotion can be counteracted completely or partially withirn 

the earth's glovftatfonal field by Kepltrian trafecbry flight manewetso 

The otolith organs of humans can be probed remotely by linear acceleration 

in a way analogous io he direct meshanlcat stimulation of th*e orgcrns In 

on~ma~s. It i s  po;rs1ble b apply foster of various magnitude tn rpec!fk 

directions relative to the anatomical spatial ormngoment of ))\e otoffth 

organs within the skull; the mode of action and role in perception of the 

otolith organs can h e n  be determined indirectly by mt#urtfng extemol 

changer such as occur In aculor counterroiling and egocentric v f w l  

localfzotion . Suktiects with known labyrinthhe defects offer a means of 

3 
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e v d d i n g  the extent to which extra-labyrinthine factoq om invslwd tn 

there external  rig^ of Inner ear functh. 

I .  Countemlling 

When certah experimental procedures are followed, the confugate 

tolling moment of the eyes around their lines of dght opposite to the 

lateral inclination of the head is genemliy held to be u direct reflex wig- 

fnating in the otolih organ. The distinct ohntuge of havicg on external 

Indicator of otolith actfvity which tr not under voluntary control h a s  been 

outweighed in the post by the great difficulty in obtaining preclse measure- 

menis of the rolling movements, Throughout the long colorful history of 

counterrolling studies, seveml methods of mearumtion have been used ( l )o  

All have as c c m m  burls the seiectlon of anatwnicarl landmarks on the 

eye k establish a reference plane conblning the Ilne of right for rpec- 

iijrOng the rotation of the eye around Its llne of sight, The mol;) accurate 

of there older methods yielded a mexsuring emr which WQI large even in 

relation to the matximum amount of countemfling, in some c a w  !a h n  

six degrees, that can ba evoked by head tnclfnatton. 

A m e W  involving photography of natuml landmarks on the iris was 

devised to meet the requirement of greater precision ln masumfion. A 

mlutfon to the problem of measuring veiy mtl amounh of movement of 

these landmarks ws found 10 dmple magnfficatbn. In this procedure he 

4 



f i lm image of the entire eye ts enlarged over 300 times the mh~el y e  stre 

by ptrojectton onto a dtbtant screenr Meaurment af angular iomtonol 

movsment atowIcl the center of the pupil i s  then accumplW ar)nrtnr 

he s u b f d s  eye sewfng as a s1Qndwd of comparlron. More complete 

details of his measuring technique have been pubitshed ( l ) ,  It Is ruffl- 

cfent for thlr discussion to point out hat a high degree of accuracy and 

dfabilfty in n a u m t i o n  (* 6 rnlnutes of arc) is  porrrtbic v;M th is  procedure. 

Countem! f ing measurements using the photagmphic technique 

have been mde on severof nom1 indfvidulals tilted fn 25 degree steps up 

but qwntfktively there were interindividual d i f f e i ~ c ~ s ,  There were also 

ttgriificant right-left differences in some individuals but not in others. A 

more extensive $tu$ (1) w a s  also conducted in which rnwremenk we= & 

at every 15 degrees wfthln the frontal, sagtfful, and two Intermedkste plarurrd 

Maximal comperuofory ton?onal eye movement MU found In the frontol plane, 

sumwhat less in the intermedfate planets, and not at all In the sagittal plana. 

The abence of cpi)rccfo3fo countmz!!!ns when the head i s  tilted in its 

sagitga! plane doe not Iustify any Inference hat cmpncwbv eye reflexes 

5 
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Different Trtals at a GIven Body Pas?tton), (Miller and Garrybtel, - Ann, 
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Figum 2 

Countemliing (Averclgs Values) as a Fundton of Istemi Heod Tilt, 

(Mlller, Acta Otoiaryng, Stockh,) ._- - 
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ware propatioml to the gmvlfy cornparrent In the inward direction of he 

macula, hen tfwa resporw would bs p r ~ ~ ~ ? i c # w l  )o coetne of thft diy3locw 

men), But thk rlmpis r e l a t i d i p  dld not confamt to the findings. The 

slruc:ture of the otolifh organ uppamtfy is  such us to dampen the effect of 

gmvffy in yielding the costne square function, A mom complete dlscussion 

of th- facton hcs been pmsmted elmwhere (11, An Impot)ant atpect of 

effect upon coun~emlllng. n\m cne mveml rhrdles that would tend to 

The photogmphtc technique ?r par)lcufcrly ussfui In m c r t n g  

with dloease-or ctkcavfsodomapd vesttbolat otganr 

fer0 sensitive measurin3 devices had the dlfflcult b l c  of differentiating 

InvestIgabn w t h  

of atofFth function, Infomatian pined frwn pllectse meawremerrts cf otolttb 



organ actfvIfqr is n d e d  to evaluate completely L-O inner ear qpfi Mod 

and would compfgment the n w  topiths e:JFS~*o.rohic and miorfc frrigation 

tests of the other iwo auricular organs, If c o u n t e m l l t ~  as bas been 

aswmed, tr a speciftc indicator of otollth activity, then the level of functton 

should be revealed in the character of the cwntenofiing terponre. In 

ader to exornine this theory, ten deaf subjects with blloterol loss of the 

sec?m!circtrfar canaft wer5 used as subjec.ts for comtemlling measurements (2)o 

As can be seen In Figure I these labyafnthine-defeet~ve (L-D) subjects did 

not dfsciose the chamcteristic pattern found in nom! subjects in mort 

fmtcnces, The magnitude of the refpnte was in all m e s  leu than In a 

cmpclruble normal group, In some 'nstonces, there was no deflntte evidence 

of countemlling, in okhers it was lirdted to me dlrection of tflt, and in 

still others there was Q smcrll but regular dependence of cowntemli with 

the successive increase in bdlly tilt fhe hfghly significant differences 

between the roonmrl and L-D groups f;r\nt h v e  been clue to IOU of function 

of the auricular rensory organsr, More specifdly, since there Io no 

avIdencs that %hs counlemOIhg peflex Is released by the organ of Corti, 

a d  insufficient evidence that it originat- tn the semicircular cormlo, but 

good evidence that It i s  rehaed by the O b i f t h S ,  It WQS concluded that. ?he 

reducth  In counterrolling !n these cuses vms the result of injury to the 

otoliths. tnterindividwrl differences In &he t-3 group are best exptalntd 



condltfans (3), phe uvenrge ~esultr of the n o m i  and LID groups are por 

huyed IR Figure 3, In the case of the normal subjects ototTth octtvlty os 

lndtcated ky courttemlling mponse decreased tn a regular fashtan os the 

force was reducsd, In the welghtles condition tflting he normal indlviducll 

would appear )a h v o  Ilt)!e effect upon the output of the o)olt))l organs under 

t)is ~~ndrtlonr of the t d  (3)0 The L-D W b i s t ,  manr fdd  e w t l y  du~d 

but afmilar pcrttem to the normulsc Thtr could be accounted for eifhes as a 

rrwlduum of otolith function in cottafn of he t-D sublects 01 as an effect 

of stimulation to extra-Dabyrtnthine wurct$s) of tonic insnervrrtion to the 
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Figure 3 

Counterrolling us a Function of Mognftude of Gmvitatlonal Force 

(Zero G, 1/2 G, 1 G) and pfead (Bocqr) Position with Respect to 

Dlrectian of Force In Nom1 a d  tnbyrtnthtne Defectlve (L-D) 

4Jbfectse 
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upon the mulh ef the ocuiogfivie illusion test ond the are exerckd to 

eliminab cervical, fimtionrrf, or binocular sources of c y c l o m k t b l  

eye movement. Even if these facton were involved, their fmpor+once i s  

not great, as ddenced by the wII maximum aano~nt of countsrrolling 

in tito L-C group; thus it seems 

function hau ken mveufed. It is interesting to note that, in the norm! 

gmup of &iects# he ane-half G curve fails mewkt h r t  of he midway 

p i n k  Letween zero and one G ets might be prcdktcd. Thc ;!pifiance 

of this finding i s  not known. 

Peasunable to assifme thut otolith 

Information concerning the effect u p  otolith activity 

(countenoliing) of increased gravitational-inertial force is provided by 

another si-dy (4)., As haam in Ffwro 4 tho ccunterroll varies QS a function 

of the magnibde of the lateral force even beyond he shondard level of me 

G, This demorrrtrates the important fact h a t  the countemfling response is 

linear, 

I f  Ep.scn:iu?c Vkcr! ?acalimtion 

a Aobrt’s Pnenomenan and Its Varianb 

iLZan’s absolute locafimti~n of G L ~ G c ’ ~  in s ~ c e  fs ;na& with 

13 
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F I g w s  4 

Degrpre of CawttenolI as a Function of Magnftwde of Force Acting 

Laismfly on rhe Body ( l id) .  (Woeilnerand Gmybtel, .I J.AppI.PhysioI.) 
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turn fr influenced 

provtdlng visual, vesttbukrr, tactwl, prqxioceptive, and other CWS. 

M e n  udequate vtswl cues are visible, these normally damhate at1 others 

so thot iudgtnmb of the principal oxes of space are quite precise, sbbie, 

and easily rondored (5).  Remow1 of empirical viruai cues, on the other 

hand, mveols conelderubie emn in perception, plus torr of stability and 

eo18 in localization, especially when he direction of tho guvltatiamt 

(Inertial) force deviates appreciably f m  the IongitudlnaI axis of the 

bead (bady). In the upright position, judgment of hodzontality in normal 

Iidtddwh i t  rsst appreekbly offcctod by the remow1 of visual cuese 

When individuals are placed in a recumbent position, however, and back- 

ground cues cre maoved suddenly they ot3J6wef afteera brlef lag period, 

a grudual spontaneous mtotion of the phenomenal horizontal vp to a 

maximin displacement WpicaI for a given individual Superimposed upon 

these chungcs i s  the fluctuant movement of the apparent harizonkl (mtuty 

~\ib,kindtj (5). Tie t h e  course of itreje i:toriona in fwt tukjeets is  

presented In Ffgure 5. 

the actfun and inbrrsctkrr of certain body msclmismr 

In addition Po hem relatively mull fluctuations obout the 

considemble avemge deviation, the avemge fevel of deviation h f f  was 

found (6) to wry from test period to lest period as illstrated in  Figure 6 

(heavy lines represent avemp of ?he several dally curvesrnin lint& ) e  

15 



Figure 5 

The Course of Perception of Horfzontdity for Each of Four Subjects 

in Upright {Broken Line) or Recumbent (Continuous Llne) Posture Wth 

(Unshaded Strlps) and WIhout (Shaded SMps) Wswl Refmnce Cuese 

(Miller and Gqbfel, Aerospace - Med.) 
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Figwe 6 

Apparent Porlth of the Viruol Horrzontol as o Fvnctlon of Head (tbdy) 

"Ilt fn Degrees as Tetd In Three S&iecfs during each of Seveml 

SeuSonr. (Hemy Lines represents the Average of the ldivfdual S~rrrlon 

cum [Thin Lines3 ,. )o 
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the objective horizontal. Ttltiw of the head beyond his potnt mlted In 

further displacemefit In the direction counter to head incIInation (A- phenom- 

enon), In ail cot61 the deviation In the Aubert dlrection continued to 

fncteare on tho mamgo In propcrtton to head tnclimtbn boyond tho "neutral" 

point 50 thct the gratest  &vIatIon o c c c ' d  at he maximcm pc:fttom (SP) 

of Pi!# used in hCij studyo 

Conrideruble lnformatlon about flies3 curtous Itlustom ha, 

appeared In t ie  literafurc slnce Aubert's dg lna l  work, hut qwmtitatlve 

data ate scurceI especk~!~y In Iatget angler of head P f h ,  n\e undedylng 

mechanisms are rttll not completely known, Cauntemllhg, a plausible 

explanattcr; cf h e  E-phenomenon lnvolvtng he visual ryctem only, has been 

18 



ct)eei c#lrrfn a u k s o  If &is be h a  role or primcrry c a m  of &Is 

L-D rubfa~tl wl).trOu) thh ~anpc#wrtov -0 ~~OVWWI?  kt 

bo aqwcted k manifest Itttle or no E+-. A m c d  rhpdy (7) 

prwrdsr quMtItotIve proof that fhh theory ?s untsrmbk. A group of L-D 

subjects cunpated to a stmilor gmup of ~romwrls mvc#ld dgnlff cantty rrmm 

deviation In the E dIrectfon In cerfutn moderate angler of tilt, 

An experiment (8) wm aim conducted fn which a group of 

~ubjeck with known bflatemt labytinfhtne defects ulot compared wtth a 

grwp of nomat pem wTh rsrpsct to ability to fudge hwtzontdfty as a 

function of upright, recumbent, and invorted pstum. The bct it#, he 

Aubert illusion arid 1)s variants have been reportedly obmrved by cetiuin 

deaf iublects by no meotll proves W he lobyrtntkt do not Influence this 

perreptlon. On the contflcy, although rirnifar qwlftatfve mponsas were 

found all mbfccts, here were signlffcant qucntttattve intergroup 

differences. When t@&, +he nomnlr were able on ?he overage to 

;i#fntotn hit occumcy wfdle the !.=E tub{ee)t devfatacf ttgnfflcsntly in 

tbctr mtttrrgr io he apparent visual hori2;ontal when crmpirfcal v?ouol cues 

were removed. Both gmpc of subfsch in the recumbent pith percafvsd 

tho Auk* lilurion, but the ma3nttr#fe of the lllwfon YKI~ canriderably less 

in the nomD grovp. When Inverted, b h  groups were leu accumte in 

their errftmatsr In the dark, but no signrffcant Tntergmup difference WOI fwrmf. 

19 



in the L-D wbiecb, it was concluded that the oblffh organs In m n  act 

ecIriFer f i d n g  (9 )  in which a grwrp of L-D subjecis as cmjmed to a 

group of m l t  pemlved stgntlCrcantly greater amounts of au)okimts, 

another indiestat of egxentdc visual localization. 

1, Normal Subiectr 

Man seated uprfght can in effect be tIfted by genemtiw, 

magnfwe of the w l h t  force is always laager in the l o t t e p  tttuotron and 
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Ftgute 7 

Estlma~es of OGi by Nomoi SubJects. Stngie Setttngr of Luminous Una. 

(Gmybiel and Clark, Aerorpoc c M e d o )  
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SEMICIRCULAR CANALS AND V1510N 

Nyltagnws, itrduced t>r thermal stimulation or in  mspcmm to angulor 

or Chrioitr accelemtion,serves as an indicator of semtcltcolar t a d  function 

but tts use tn thIs regard is compitcated by focbn which muy alter or 

abalisb It, For example, it can be increased by mentoi actTvtty, On the 

other hand, It can be reduced by Tntraducfng a v i s d  fbcatbn fleld or by 

requirfng Q subject )O repeat a particular pattern of vestibular stimulation. 

The reduction fn nystagmic response through stimulus repetition may stem 

fmm a 10s of arousal or dK~Siness,  but there is also evidence to ohow that 

nystagmus may be actively suppressed, Restriction of head movemenfs to 

cettaln patterm diminished nystagmus during a 64-hour exposure to rob- 

tion at 5,4 RPM within a 15-foot diameter rotating poom (13), Efforts to 

maintain alertness by instructions did not restore nyslagmus. Moreover, 

the nystagmus measured foilwing the mtational period was opposits In 

direction to the response produced by the same head movement during 

rotation indfcating that It was a conditioned response in as much as the 

stimulus was no longer CoriolIs aceeleratlon, Similar evidence of habit- 

uation was  obbined from &e subiective reports of tbe apparent motion 

( O C U I O ~ ~ I U I  tllusfon) of a target light in an ohendre dark mom. For 

conditionlng purporeo, heud movement was conffned to one quadrant of 

the front01 plane, Subsequent Besis w0re hen made in this quadrant 

25 
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(pmcticedj and ?ne oppadfe qwdront (unpmcticsd). b m u t i c  reductions 

In msponm o c c u d  in the practfced qwdront but habituation WQI not 

tronsfemd to the unpracticed quadmnt (Figure 9) . 
VESTIBULAR ORGAN INTERACTION AND VISION 

It fs obvtour )hot# in many area, research concerning tlie lntemctfon 

between virion and the vestibular organs ha, only begun. Differentlating 

the function of the otolith end cupula organ0 has occupied he interest of 

many hveotlgcthrrs In the past# but the complete understanding of vestibular 

organs and thefr combined influence upon vfdono 

Based upon overwhelming avtderrce, here can be Itttls doubt that the 

so-called vestibular nyrtugmur 1s released by the action of the semicircular 

canals and, as in the examples cited above, fr modlfied ky he CNS. A 

k i c  question that now needs to be answered is  whether under special 

ckumrbncer the otolith own may also either release independently or 

contdbute an m n t i a l  element for i ts  release by the canafs, The fact that 

n y r ~ o r  can be eiiciied in certcik !;;dfv!dm!s by s!mp!y changing the 

posftlon ob the head 1s strong evtdence that the otolith organ !s Involved 

fn this ocular rmpom. 

26 



Figure 9 

Comparative h g n l b d e  and Direction of tho Cortolls iIturlon Assoelated 

wTth Stngle Head Movments Before, During and After Prolonged Rotatton 

at 5,4RPM, TesB Canfed out at 7,§ RPM, (Gmybiel, Ashton, Vestibular 

Stckneu and Some of Its lrnpiicdonr for Space Flight ,  Neusofogfcul 

Aspects of Audltosy and Vatibutar Dfmorden, Courteay of Charles C. 

Thomas, PULI fsher, Sptlngffeld, I i I fnois. ) 
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